Introduction
Clinical practice is based oin the tripod of knowledge, skill and compassion. Clearly knowledge of the way in which the body works and how it reacts is important but it is equally important to be able to interpret history and physical signs and apply them to a particular patient; lastly the ability to put oneself in the patient's place is perhaps the most important of all. But here we wish to discuss basic orthoptdic knowledge and the more exact this is the more useful it is to us. This is why in recent years measurement of the properties of bone, cartilage, &c., have become so important to the orthopvdic surgeon.
Clearly the basic processes of bone formation and bone destruction are extremely important and, although we know something about the significance of the chemical environment, we know relatively little about the exact mechanical, physical and chemical conditions which stimulate osteogenesis at the cellular level. Though we know that fixation of bones aids osteogenesis, we still do not know the best way of achieving this or how to do it without disturbing their blood supply or adversely affecting the chemical environment of bone. We also know that fixation and compression of articular cartilage is harmful but we do not know the best ways of avoiding or mitigating the evils of fixation, for example by artificially encouraging the movement of synovial fluid or the subchondral circulation.
It is only recently that orthopadic surgery has moved from being a purely traditional and empiiical discipline to one based on exact knowledge. Clearly, the greater the orthopaedic surgeon's knowledge of the materials with which he deals, the better is his prospect of success. Naturally he must know the characteristics of muscles, tendons, fascia, joints, cartilage, growth of bones and the properties of the various metals he may introduce into the body but above all he must know the properties of bone, its mechanical attributes, the factors which stimulate bone growth and cause bones to alter their shape, the stresses and strains to which bone is subjected, the factors which influence both the normal and abnormal blood supply of bone and the metabolism and biochemistry of bone formation and bone resorption.
Hiemodynamics ofBone in the Cat
The circulation in bone has certain anatomical and physiological peculiarities which make it particularly interesting. Some of the anatomical peculiarities are as follows: many of the vessels are enclosed in haversian canals; the small arteries and arterioles have relatively thick walls similar to arteriovenous shunts (Lamas et al. 1946) ; the intramedullary capillaries have very thin walls and large lacunae (Held & Thron 1962) . Unlike the central nervous system, the nearest analogy, there is a free communication between the intraand extra-osseous tissues. In addition the osteocytes are nourished through very fine canals (the canaliculi).
'Dr McPherson died on May 4, 1967. Enquiries regarding his paper may be addressed to: The Librarian, National Institute for Medical Research, the Ridgeway, MiU Hill, London NW7 One of the physiological peculiarities is that the circulation in bone is relatively sluggish. This is indicated by the difficulties of demonstrating bone blood vessels by arteriography or by vital staining and the slow outflow of blood when a bone is drilled or sectioned. Another peculiarity is the considerably variability of the marrow pressure from one animal to another. In 100 cats examined under similar circumstances the marrow pressure varied from 2 to 100 mmHg (Shaw 1963a). McPherson et al. (1961) and Shaw (1963b) showed that in the anmsthetized cat changes in the marrow pressure followed the changes in the systemic arterial blood pressure while there was no experimental intervention. However, arterial occlusion decreased the marrow pressure and venous occlusion increased it, as would be expected. McPherson et al. (1961) observed that both squeezing the muscle overlying the bone and muscle contraction produced by nerve stimulation increased the marrow pressure. To determine whether the effects of nerve stimulation were due to stimulation of vasodilator nerves supplying the marrow it was necessary to study the nerve supply to bone. Tokunaga (1967) made a meticulous anatomical study of this in the cat and as a result of his work McPherson and Tokunaga were able to stimulate the two principal nerves, the medullary and periosteal nerves of the tibia. Stimulation of the periosteal nerves had no effect on the marrow pressure. Stimulation of the medullary nerve consistently produced a decrease in marrow pressure without producing any muscle contraction. In contrast, stimulation of the medial popliteal nerve produced an increase in marrow pressure whose magnitude was related to the frequency of stimulation and the state of activity of the posterior leg muscles. Thus the increase in marrow pressure produced by stimulation of the nerves to the leg muscles is not due to concomitant stimulation of vasomotor nerves.
Because both muscle contraction and venous occlusion increase the marrow pressure, McPherson & Juhasz (1965) advanced the hypothesis that the muscle overlying bone functions as a 'bone pump' i.e. there is a peripheral mechanism whereby the marrow pressure is increased in the manner of a leaky hydraulic pump. We suggested that this would have the effect of strengthening the bone and the 'bone pump' would aid the relatively poor circulation in bone and particularly the flow through the canaliculi.
A model, constructed from a fresh goat's femur enclosed in plastic foam with an outside waterproof covering of silicone rubber, was made in a crude attempt to simulate the effects of contraction of muscles on the pressure inside the underlying bone. A sphygmomanometer cuff wrapped round the model was used to squeeze the foam, thus simulating muscle contraction, and pressure flow curves of circulating water were plotted during continuous and pulsatile flow. Cyclical compression of the model produced no change in the pressure-flow relations during pulsatile flow, but relatively slow compression during nonpulsatile flow (14/min) decreased the flow. The shape of the curves of the latter are similar to those of a flow system with a restricted outlet:
V=kAV2gH, where V=volume flow, k=constant, A=cross-sectional area of outlet and H= pressure head. By selecting pressures found in the model experiment, theoretical curves of the form V=kA/2gH were plotted and were found to correspond closely to the results of the model experiment. Cyclical compression of the model 14 times a minute is equivalent to decreasing the outlet by a quarter. These effects could not be explained merely by the spongy nature of the bone marrow, as the pressure-flow curves of water being passed through a tube packed with plastic foam showed a different pattern. A further series of experiments was performed on the model recording the marrow pressure changes during cyclical compression by the cuff. The marrow pressure temporarily increased and then declined. This occurred with both continuous and pulsatile flow and was independent of both pressure head and rate of compression. To see if similar phenomena occurred in the living animal the femoral-and sciatic nerves of cats were stimulated, making all the muscles of the leg contract rhythmically, and the marrow pressure was recorded. Although there is a similar initial rise of marrow pressure in both experiments, an increase in marrow pressure is maintained for the duration of the muscle contraction in the cat. More sophisticated model experiments are at present being conducted on the isolated perfused hindlimbs of animals.
To see if weight-bearing has any effect on marrow pressure, aneesthetized cats were placed in an 'Instron' machine in such a position that their femurs could be compressed longitudinally (without muscle contraction) while the marrow pressures were measured. Constant loads produced an increase in marrow pressure for as long as the load was applied. On the other hand a cyclical load of 40 lb applied 40 times a minute produced a considerable increase in marrow pressure. When the cyclical load ceased the marrow pressure usually, but not always, declined in the form V=K/Hi, which is similar to the form of leakage of pore water (Biggs 1966, personal communication) .
From all these experiments one can suggest, at least tentatively, that both muscle contraction and weight-bearing increase the marrow pressure in the normal animal and thus both strengthen bone and aid its circulation.
Two observations incidental to these experiments, but found during the course of them, are that (1) suction on the marrow considerably increases the systemic arterial pressure and (2) injection of physiological solution into the marrow also increases it. The first effect is mediated through the nervous system and the second is mainly humoral. In recent years there has been an increasing emphasis on the need to obtain quantitative data regarding the variations in the degree of mineralization which occur within bone. The technique of contact microradiography, placed firmly on a quantitative basis by Engstrom (1946) , has proved extremely useful in this respect. The results obtained by various workers, notably Rowland et al. (1959) , Rowland (1960) and Jowsey (1960) , have demonstrated conclusively that, even within a single osteone, there is considerable variation in the quantity of mineral present. In general, using the technique of microdensitometry, areas of a microradiograph 10-20 , in diameter are measured and Jowsey (1963) has calculated that if three such samples are taken from each osteone, then about 1 % of the structure is analysed. It is therefore obvious that a very large number of measurements would be necessary to obtain a representative value for the mineral content of even one osteone. Thus for all practical purposes, microdensitometry in its basic form must be considered primarily as a sampling method. In order to obtain quantitative data concerning the overall Table 1 Typical values for average mineral density of osteones indicated in Fig 1 Osteone Mass HA (g/c.cm) 1 780x 10-2 81*5x 10-12 3 80-3 x 10-2 4 93-4x 10-' 5 91-4x 10-2 6 89-8x 10-2 variation in the mineral content of a bone sample, it is necessary to measure a significant number of osteones and areas of interstitial bone.
In an attempt to obtain such information, Jowsey (1963) adapted a combined microradiographic and photographic technique originally designed by Ornstein (1957) for cytological studies. This involved the enlargement of a microradiograph to produce a blue dyed print of a bone section and aluminium calibration stepwedge, where the mineral density was inversely proportional to the blue dye incorporated. Estimation of the mineral density was carried out by extraction of the blue dye and comparison with the calibration wedge.
